CoCrMo alloys, which are well-known Co-based biomedical alloys, have many different types of surface integrity problems reported in literature. Residual stresses, white layer formation and work hardening layers are some those, matters which occur as a microstructural alteration during machining. Therefore, such problems should be solved and surface quality of end products should be improved. In this paper, the surface quality of CoCrMo alloy used in tibial component of the knee prosthesis produced by means of turning was investigated. An improvement was suggested and discussed for the improvement in their machinability with the developed turning-grinding method. Finite element analyses were also carried out to calculate temperature and thermal stresses distribution between the tool and the tibial component. The results showed that many parameters such as cutting speed, feed rate, depth of cut, tool geometry, and tool wear affect the surface quality of workpieces of CoCrMo alloy. In the turning-grinding method, the machining time is reduced by about six times compared to machining only method. The EDX analysis performed on the surface after machining showed that metal diffusion occurred from tool to the tibial component.
INTRODUCTION 
Co-based alloys have been used extensively as biomaterials because of their high wear, temperature, and corrosion resistance. Especially, it is widely used in merging of broken bone parts, knee and hip bone prosthesis. There are basically two types of biocompatible Co-based metallic alloys. The first one is the CoCrMo alloy which is produced by casting, and the second one is the CoCrNiMo alloy, which is produced by hot-rolling. In Co-based alloys, Mo improves the mechanical properties by providing a finegrained structure while, Cr increases the strength by making solid solution. If forming of the CoCrMo alloy is with high geometric tolerance and surface precision, the chip removal step is carried out. Nonetheless, machining of CoCrMo alloys is difficult as in the cases of high-strength nickelbased super alloys and titanium alloys. Such alloys increase tool wear, decrease surface integrity and considerably affect the production performance.
There are several studies on the chip removal processes of Co-based alloys in literature [1 -7] . The effect of cutting parameters on the tool wear was investigated by means of turning or milling, and their effects on surface integrity were also investigated in these studies. Some of these studies investigated the effects of tool materials, tool geometry and tool coating on tool wear [1 -3, 5, 6] . Other studies examined other properties such as surface damage, surface roughness, residual stresses, and changes in microstructure of Co-based alloy parts [3 -6] . Bordin et al. [1] studied the machinability of CoCrMo alloys produced by forging and electron beam melting. In that study, they performed chip removal process at different feed rates and cutting speeds and took roughness and microhardness measurements on machined surface. They observed that the surface roughness decreased with increasing cutting speed and decreasing the feed rate in both methods. It was also observed that the hardness of machined surface increased with increasing the cutting speed. Bordin et al. [2] investigated the effect of different cutting speed and feed rate on the surface integrity of the CoCrMo alloy with dry turning. It was reported that surface roughness increased with reducing cutting speed. They also observed the adherent chips, rupture, and grooves on the surfaces. Karpuschewski et al. [3] studied the effect of tool geometry on the tool life and flank wear in machining of femoral heads during machining of the CoCrMO alloy. They machined the alloy with single feed rate and cutting depth. They stated it was possible to machine the CoCrMo alloy with the correct ceramic tool. They also indicated that the tool life was shortened with increasing the cutting speed especially with cutting tools having different cutting-edge geometries. Shokrani et al. [4] studied the high speed turning of cobalt-chromium alloys by cooling to low temperatures of -197 °C. They observed decreases in surface roughness values obtained after machining. Song et al. [5] machined the CoCrMo alloy using the elliptical vibration cutting method. Based on experimental results, elliptical vibration cutting performance was found to be superior than normal diamond cutting without tool vibration. Bruschi et al. [6] took surface roughness and microhardness measurements during CoCrMo turning conducted at different feed rate and cutting speeds using cooling fluid. They observed a decrease in surface roughness due to the increase of cutting speed and an increase in surface roughness due to the increase of feed rate. On the other hand, the hardness of the alloy surface increased with the increasing the cutting speed and feed rate.
There are also studies used statistical methods aiming to determine the best machining conditions. Jagtap et al. [7] conducted a comparative analysis of the cutting forces during precision-turning of CoCrMo bio-implant alloys in dry and wet machining processes. They prepared experimental set with three cutting depths, feed rates and cutting speeds and used three different tools made of ceramic, carbide and CBN materials.
In the light of existing literature, it can be concluded that the turning process is widely used in machining the tibial component of total knee prosthesis after casting of CoCrMo alloy. However, the CoCrMo alloys have problems in turning process such as requirement of high cutting forces, knocking, vibration and severe tool wear due to their high strength. Such problems increase both manufacturing cost and manufacturing time. Therefore, the main purpose of the present study is to minimize these problems and increase the surface integrity and quality by applying turning-grinding method.
MATERIALS AND WORK METHOD

Materials
CoCrMo alloy as extensively prefered material in the tibial component of the knee prosthesis was selected as the test material for current this study ( Fig. 1 ). The tibial component producing in different sizes are subjected to casting, machining and polishing before the final shape ( Fig. 1 b) . The areas in red colour indicate the parts to be removed from the tibial composite ( Fig. 1 a) . The chemical and mechanical properties of the alloy used are given in Table 1 and Table 2, 
Work method
Two different methods were applied for chip removal to achieve the desired geometric tolerance and surface precision of the tibial component made of cast CoCrMo alloy. The first is the universal turning method ( Fig. 2 a) , which is the preferred method in the present case. This method was performed in two steps as rough and finish machining, and feed rate and cutting speed values were controlled parameters for the process (Table 3 ). These parameters were determined based on the literature and initial studies. The cutting tool used in the turning process was chosen considering the existing literature into account and manufacturing methods ( Table 4 ). Boron oil was used as cooling fluid in the turning process. The second applied machining method is the turninggrinding which is different from the existing literature. In this method, the chip removal process was carried out with a new design grinding wheel with spindle speed of 8500 rpm feed rate 0.1 mm/rev connected to the tool holder instead of the cutting tool in CNC lathe (Fig. 2 ). The chip removal image is given in Fig. 2 
Turning-grinding process, was carried out in two steps as, rough and finish machining similar to the chip removal process. Machining parameters were not changed because of the constant revolution and feed rate of the grinding wheel in coarse and fine passes. The grinding wheel properties used in this process are given in Table 5 . Cooling fluid was not used in this process.
The offset of the tools was selected to be 0.2 mm in both methods. The polishing process was applied as final process by using polishing cloth and paste.
Four types of experimental results were collected: tool wear, surface roughness, micro hardness, and surface defects in order to evaluate the surface quality of the tibial component. a b The roughness of machined surface was measured by MITUTOYO SJ-210 with a measurement accuracy of 0.001 µm ( Fig. 3 a) . Roughness measurement (Ra) was obtained with a taking cut-off distance of 0.8 mm and probe advance rate of 0.5 mm /sec. The tibial component was divided into four different regions for roughness measurements as shown in Fig. 3 b, and measurement of average roughness values was carried out around circular lines formed towards the machining centre. Roughness values were reported by taking averages of five measurements from circular lines in order to increase the accuracy of measurement. a b
Fig. 3. Roughness measurements of the tibial component: aroughness measurement system; bmeasurement zones
Plastic deformation occurs in the machining surfaces during chip removal processes. Thus, it is important to examine the change in the hardness. For this purpose, a micro-hardness tester (Shimadzu HMV-G) was used to measure microhardness from the centre of the tibial surface to the outside in four different directions 0°, 45°, 135°, and 180° as in Fig. 4 . The machined surfaces were examined by means of a scanning electron microscopy (SEM). The roughness values for n = 100 rev/min, n = 125 rev/min and n = 175 rev/min were also measured in the experiment. Fig. 5 a was recorded for only n = 150 rev/min, and the other measured values were not included in Fig. 5 a to avoid complexity of curves and provide a better understanding, since the measured values obtained for other rev/min values were very close to one measured for n = 150rev/min. Similar case is valid for From the graphs, the Ra value decreases with increasing cutting speed, whereas it increases with increasing feed rate as expected in traditional chip removal operations ( Fig. 5 ). According to the results, while the highest roughness value is about 1.509 μm at 100 rpm, and 0.1 mm/rev, the lowest roughness value is obtained as 0.772 μm at 150 rpm, 0.08 mm/rev. Increasing feed rate value causes an increase in the amount of chip removal per unit time and increases in the cutting forces as mentioned in the literature [8] . Increasing the load level on the tool adversely affects the surface quality, and the values of the average surface roughness increases with increasing feed rates, as expected ( Fig. 5 a) . Similarly, the surface temperature increases with increasing cutting speed due to the increase in heat energy that facilitates plastic deformation and chip flow, this results improvement in surface quality in the literature [9] . When Fig. 5 is examined, it can be seen that Ra values up to 125 rev/min are in a very narrow range, and then, there is a significant difference in roughness values.
RESULTS AND DISCUSSION
Surface roughness
The Ra values obtained on the tibia surfaces manufactured by turning-grinding method, on the other hand, is given in Fig. 6 . At the same time, the average of the roughness values obtained from the turning method is included to be able to compare the results. While the highest and the lowest roughness values are obtained as 0.701 µm, and 0.647 µm in the turning-grinding method along with constant revolution and feed rate. The turning-grinding method has a positive effect on the surface quality as well as it improves the wear resistance of grinding wheel. This can be attributed to the fact that the low friction coefficient of the grinding material which influences the surface quality favourably by facilitating the chip flow [10, 11] . Additionally, the force acting on abrasive grains causes to break off the grains from the grinding disc in the grinding process. The availability of the new sharp-edged broken abrasive grains prevents the increase of unstable forces during the chip removal process.
Fig. 6. Comparison of surface roughness value between turning and turning-grinding processes
When the two methods employed in current study are compared, while the chip removal process can not be realized in high speeds during the turning method, high speeds in the removal process are reached during grinding turning method. In order to reach high cutting speed, e.g. 8500 rpm, in the turning method, it is necessary to reduce the cutting thickness to 1 μm, but this results in an increase in processing time and manufacturing costs. When the revolutions exceed 200 rpm, wear on the cutting tool increases and this result in excessive wear of the tool. To analyse these conditions, the tool cutting surfaces were also examined in terms of machining time and the results are given in Fig. 7 .
When the graph is examined, the machining parameters seem to be important for tool wear if the material pairs are the same. In addition, temperature is one of the most important factors in this situation. Increasing cutting speed reduces the tool life as it increases wear. Therefore, machining temperature is the most important factor in turning method, and it is the most important reason why the spindle speed could not be increased. This finding is corresponding well with the results available in literature [10, 12] .
When Fig. 7 is examined, the machining time of a tibial component is about 45 minutes in turning method, while this time is only about 7 minutes in turning-grinding method. In the experiments conducted, it was observed that one cutting tool was used for one tibial component during rough machining in the turning method, while one cutting tool was used for two tibial components during finish machining. In the turning-grinding method, 24 tibial components were machined in both rough and finish machining.
As a result, better surface qualities were obtained by turning-grinding method compared to conventional turning. This allows the cutting process to be continued with the selfsharpening capability of the grinding disc and allows the surface roughness to remain at a lower level compared with the turning. 
Surface defects
The workpiece is exposed to thermal, mechanical and chemical effects during chip removal process. This situation can cause the material to strain aging and recrystallization. Strain aging causes the material gets harder but it becomes less ductile. Contrary, recrystallization makes the material softer yet more ductile. These thermal and mechanical effects are the main reasons of microstructural changes, phase transformation and plastic deformation of the material [13] .
In this section, the effect of CoCrMo alloy machining on the surface defects for both methods was investigated. There are many forms of surface defects reported in the literature. Especially, high tool wear, high cutting force and high hardness of the material cause the increase in machining temperature, so the surface defects rise [14] . Machining marks, metal debris, smeared material, tearing, and white layer are commonly observed surface defects. SEM micrographs obtained from the CoCrMo alloy sample after chip are shown in Fig. 8 . Machining mark defects are observed on the surface all machined samples (Fig. 8 a) . Feed marks indicated in the surface micrographs are the natural consequence of the tool feed. Feed marks are effective in machining, but their severity increases depending on increasing of feed rate. High cutting speed
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(0.1 mm/rev -175 rev/min) in the turning accelerated wear on the free surface of the tool as shown in Fig. 8 b and led to significant feed marks on the machined surface, Fig. 8 a. When Fig. 8 b is examined, it can be seen that both the chip surface and the free surface are subjected to intense wear. a b Machining marks were formed in the turning-grinding method are similar with the ones occurred in turning method as seen in Fig. 9 . Irregular geometry of the grinding wheel grains causes to change the angle of the chip and gap during cutting, resulting in marks to take shapes in different directions. This causes the formation of machining marks on the surface in the direction of the geometrical shapes of the grinding wheel grain in the machined surface ( Fig. 9 ). Fig. 9 . The SEM micrograph of marks occurred in the turninggrinding method at 0.1 mm/rev -8500 rev/min In fact, it was reported in the literature that there were feed marks on the surface even at low feed rates in the grinding process [15] . Fig. 9 is examined; it is noticed that the marks are not uniform shape as in the turning process. It has been determined that marks formed with the feed, have non-uniform shapes due to the geometry of the grinding wheel and that caused the intertwining of traces.
It is also observed that the increase in the cutting speed causes to the increase of chip particles at the micro scale on the surface (Fig. 10 a) . The cutting speed values also affect the size of the chip particles in the micro-scale. Increasing the depth of cut also causes material smearing, micro-tears on the surface, plucking and notches (Fig. 10 b) .
Smearing of the workpiece material occurs in long machining time, and the feed marks become sharp and more clear as shown in Fig. 11 . The smearing can affect the flow direction of chip under the squeezing action between the flank face and the machined surface when the tool moves along the feed direction. When Fig. 11 a is examined, the smeared material can be identified as in the shape of parallel scars along the feed direction. The non-uniform geometry of the grinding wheel particles in the turning-grinding method causes to appear of non-parallel lines as shown in Fig. 11 b. Marks also depend on the distribution of the abrasive grain on the surface. A better surface finish is provided by small abrasive grain size, dense structure, and a closer spacing between grains [10] . a b Fig. 11 . The SEM micrography of smeared material after chip removal process of CoCrMo alloy sample: athe turning; bthe turning-grinding
Microvoids and microcracks at random and irregular sizes are seen on the machined surface ( Fig. 12 a) . Microvoids and microcracks on the surface and BUE (Built up Edge) are associated with the particles broken from cutting tool and carbide particles in the workpiece. The carbide particles in the material, a small part of the cutting tool, and BUE are harder than the workpiece material, and these hard particles cannot be deformed at the plasticized layer. Hence, these particles are removed from the machined surface due to the stresses that occur during the cutting process, thus leaving the chip and creates microvoids and microcracks on the machined surface [16, 17] .
In the turning-grinding method, it is observed that microvoids and microcracks do not occur but microchannels are formed instead (Fig. 12 b) . It is considered that micro-channels are formed due to the overlapping of the plastic deformations which are formed by the particles and chip removal at the same time.
After polishing, micro-channels gradually decreased which were formed as a result of the turning-grinding method, but instead, micro voids were formed in a small amount, but the micro pores formed by the turning method still remained (Fig. 13 ). This is a negative situation for the tibial component. The micro-pores were found to affect the mechanical properties of the workpiece in the subsequent chip removal, oxidation and infections in the medical field, forming of micro cracks and deterioration of structural integrity [16, 18] . It is observed from Fig. 13 b that the marks of microchannel and the sizes of the void decrease. This may due to the fact that the cutting face of the tool holder is in continuous contact with the workpiece, which affects the stability of cutting vibration caused by the wear. In the turning grinding method, the cutting particles can be regenerated themselves at all time after abrasion. Additionally, it is seen that micro cavity and cracks occur randomly in both methods. Formation of excessive density of pores and cavities might cause infections developing with time which increase the wear [19] . a b Fig. 13 . The optical micrographs showing the machined surface of CoCrMo alloy sample after polishing: athe turning method; bthe turning-grinding method It is known in the literature that the white line formation as a result of machining of hard materials occur during turning and turning-grinding methods of CoCrMo tibia component (Fig. 14) . This may be due to the high temperature generated during plastic deformation and increase of friction after free surface wear. The white layer line thicknesses are found to be in 6 -12 µm range in the turning, while in the turning-grinding it is found in the range of 1.3 -2 µm. The white layer and feed marks were formed as parallel lines in the direction of cutting speed in the turning method, while in the turning-grinding method, these marks were observed in the direction of cutting speed but not in the parallel shapes as in turning. It was seen that the marks of the white layer formed in the direction of the cutting speed in the grinding, but not in the parallel shapes as in the turning. The reason is the heat generated by the friction during the removal of the chips. The heat released after the friction rises to austenitization temperature on the surface of the CoCrMo layer and then rapidly cools due to the diffusion of heat over the material [20] . These thermal effects are sometimes large enough to cause a microstructural change where the fast cooling transforms the austenite to martensite. This new phase is present only in a very small zone and can be observed with optical microscope as a very fine white layer with ultrafine grained or nanocrystalline structures [21] . Studies have also indicated that white layers affect fatigue life, corrosion resistance, wear characteristics, and causes failures because of forming different mechanical properties [22, 23] . a b Temperature distribution on the tool-chip interface in the turning process of CoCrMo material is analyzed by using the finite element analysis (Fig. 15 ). The temperature change was obtained based on the cutting speeds used in the experiments. The cutting temperature was calculated as high as about 870 °C with the increase in revolution and feed rate. It is known that that temperature level is above of the transformation line to austenite that occur in CoCrMo [20] . This high temperature can cause diffusion between tool and workpiece surfaces. It was determined that metal diffusion occurred between tool and workpiece upon EDX analysis obtained on CoCrMo surface after machining ( Fig. 16 ).
Fig. 16. The EDX spectrum of CoCrMo alloy after machining
It was seen that decrease in the ratio of Co, Cr, Si, and Mo but increase in the ratio of C according to local EDX analysis results taken from the tibial component surface. The reason for is the temperature rises up to 500µm 500µm 700 -900 °C during machining and causes metal diffusion. The diffusion of these heavy metals can cause toxic effects on the patient over the years.
Microhardness
Micro hardness of CoCrMo alloy sample was varied based on the machining parameters and machining method, and the changes in micro-hardness after turning method are given in Fig. 17 . The hardness value of CoCrMo alloy increased from 350 -400 HRC to about 825 -955 HRC after machining. The micro hardness value increased with the increase of the feed rate, and the micro hardness decreased from the outer diameter to center. The hardness increased the feed rate due to the lower cutting speed and higher feed rate increasing machining pressure. The micro hardness decreased from the outer diameter to center with the increasing revolution as seen in Fig. 17 b. The contact time of the material with the cutting tool shortens due to the increase of cutting speed with increasing revolution. This reduces the size of the plastic deformation of the cutting area. In addition, the increase in cutting speed reduces the hardness of the machined surface by increasing the temperature and causing the material to soften. In order to compare the micro hardness values of the turning method with the turninggrinding method, the mean values in each region were taken and plotted in Fig. 18 . The hardness values of CoCrMo alloy machined by turning-grinding method were obtained between 566 and 740 HRC. Micro hardness values obtained with turning-grinding method were lower than the ones recorded for turning method. This indicates that the turninggrinding method is less affected by plastic and thermal deformation.
The grinding wheel used in turning grinding method is made of a large number of abrasive particles, so this also facilitates the chip removal process. This situation reduces the tendency of the surface to undergo plastic deformation due to the occurrence of proper machining conditions. 
CONCLUSIONS
In this study, the surface quality of CoCrMo alloys used as the tibial component of the knee prosthesis was investigated in turning and turning-grinding methods. The main findings and conclusions taken from this study can be listed as below: 1. When two methods are compared, the surface roughness value obtained for the turning-grinding method was measured less than the value obtained for the other method in the ratio of 54 %. The surface roughness values have become similar after polishing process for both methods. 2. Although the polishing times are the same for both methods, the rough and finish machining times are about 7 minutes in the turning-grinding method, while these times are 45 minutes in the turning method. 3. In the turning method, one cutting tool was used for one tibial component during rough machining, while one cutting tool was used for two tibial components during finish machining. 4. Cooling fluid is used in turning method, while it is not required in the turning-grinding method. 5. A decrease in the size of micro-pores and cracks was observed with the ratio of about 64 % in turninggrinding method based on measurements obtained by image processing. 6. White layer defects, feed marks, metal particle remains and smeared materials were observed in both methods. 7. The machining temperature reaches up to 900 °C during machining according to FEA analysis of turning, and phase transformation occurs at this temperature. 8. EDX analysis performed after machining showed that metal diffusion occurred. 9. It was measured that the value of micro hardness increased with the increase of the feed rate, while it decreased with the increase of the cutting speed. It was also measured that the micro hardness decreased relatively with the ratio of about 31 % in the turninggrinding method.
As a result of this new developed method, manufacturing costs have been reduced due to the use of only one turning lathe. So, the machining of more CoCrMo tibial alloy has been performed with one cutting tool in accordance with ASTM F75 standards [24] .
